Magnesium/calcium (Mg/Ca) ratios were measured in the deep-sea ostracod (Crustacea) genus Krithe from Chain core 82-24-4PC from the western mid-Atlantic Ridge (3427 m) in order to estimate ocean circulation and bottom water temperature (BWT ) variability over the past 200,000 years. Mg/Ca ratios have been used as a paleothermometer because the ratios are controlled primarily by ambient water temperatures at the time the organism secretes its adult carapace. Over the past two glacial-interglacial cycles, Mg/Ca values oscillated between about 7 mmol/mol and 12 mmol/mol, equivalent to a BWT range of 0 to >3.5°C. The lowest values were obtained on specimens from glacial marine isotope stages (MISs) 2, 4 and 6; the highest values were obtained from specimens from the early part of the Holocene interglacial (MIS 1), and also from MISs 5 and 7. These trends suggest that BWTs in the North Atlantic Ocean fluctuate over orbital time scales.
Introduction
ice core isotopic records (Johnsen et al., 1992; GRIP, 1993; Taylor et al., 1993) and as 'Heinrich Late Quaternary episodes of abrupt millennialevents' in oceanic records (Bond et al., 1992 ; Bond scale climate change were first documented as and Lotti, 1995) . Millennial-scale climate events 'Dansgaard/Oeschger' (D/O) events in Greenland are now known from terrestrial records in western (Benson et al., 1996) and southeastern (Grimm et al., 1993) North America, the eastern Pacific Atlantic Ocean ( Keigwin and Jones, 1994; Oppo (Boyle and Keigwin, 1985; Raymo et al., 1992) . Thus, it is an excellent site to obtain estimates of and Lehman, 1995) , the ice core record of the Taylor Dome, Antarctica (Steig et al. 1998) , as relative NADW strength during Quaternary climatic oscillations using Mg/Ca paleothermometry. well as older Quaternary records (Raymo et al., 1998) , and the Holocene interglacial (Mayewski The sediment accumulation rate at the site averages 3.5 cm/kyr, so each 2 to 3 cm thick sample et Bond et al., 1997) . Changes in oceanic thermohaline circulation have been most often represents roughly 1000 years. We used the age model developed by Boyle and Keigwin (1985) on proposed as the mechanism causing millennialscale climate change (Broecker, 1994) , but other the basis of oxygen isotope stratigraphy to date the core. processes such as variations in atmospheric water vapor content and solar insolation may also be Ostracods are benthic, bivalved Crustacea that secrete a low magnesium calcite shell during moultinvolved.
If reorganizations of ocean thermohaline circuing. The amount of co-precipitated magnesium in calcite shells of the ubiquitous deep-sea genus lation either cause or respond to millennial-scale events, then these should be most directly maniKrithe (Coles et al., 1994; Cronin et al., 1999) is largely controlled by the water temperature in fested in the deep North Atlantic Ocean bottom water temperatures (BWTs), which are today which the organism secreted its adult carapace. A positive correlation between Mg/Ca and water influenced by the relative source strength of North Atlantic deep water (NADW ) and Antarctic temperature in Krithe has been observed in independent studies from several different oceans bottom water (AABW ). In this paper, we reconstructed late Quaternary North Atlantic BWTs for (Cadot and Kaesler, 1977; Corrége, 1993; Corrége and De Deckker, 1997; Dwyer et al., 1995 ; Cronin the last 220 kyr using the magnesium/calcium (Mg/Ca) paleothermometry method of ostracods. et al., 1996; Muller and Nü rnberg, 1997) . Here we use the Mg/Ca-temperature equation This method utilizes the relationship between water temperature and the concentration of magnesium BWT (°C )=(0.854×Mg/Ca)−5.75 in the ostracod shell, first recognized by Cadot and Kaesler (1977) and confirmed by Corrége from Dwyer et al. (1995) . This equation is based on calibration material collected from between 2 (1993), Corrége and De Deckker (1997) , and Dwyer et al. (1995) for deep-sea taxa and by and 14°C, a range within which Mg/Ca ratios vary from about 8 to 22-26 mmol/mol and has 95% others for coastal and lacustrine species [see De Deckker et al. (1999) ]. We present evidence of confidence intervals of ±1.3°C for a single downcore specimen. When more than one specimen per variability in Krithe Mg/Ca ratios indicative of BWT changes of 0-3.5°C for orbital time scales sample is analyzed, these limits are reduced by the factor n−1/2, with n being the number of specimens and 1-3°C for suborbital climatic events.
analyzed. The validity of this calibration has been further supported by new measurements on coretop and laboratory-cultured 2. Material and methods specimens (Majoran et al., 2000) of Krithe. Dwyer et al. (2000) also estimated that post mortem We analyzed 245 individual ostracod valves from the Chain core 82-24-4PC (41°43∞ N, 32°51∞, dissolution of the ostracod shell can account for only 10-15% of the variability in Mg/Ca ratios in 3427 m water depth, modern BWT~2.6°C), located in the path of NADW on the western flank Krithe and that the primary control is temperature as proposed by Cadot and Kaesler (1977) , Corrége of the mid-Atlantic ridge (Fig. 1) . Previous studies of foraminiferal stable isotopes and trace elements (1993), Dwyer et al. (1995), and Corrége and De Deckker (1997) . (Cd/Ca ratios) from this same core have shown that, during glacial and interglacial periods, this Because Mg/Ca ratios in ostracod shells change ontogenetically (Cadot and Kaesler, 1977) , we region was alternatively influenced by greater amounts of colder AABW and warmer NADW analyzed only adult valves of Krithe. Specimens from Chain 82-24 sediment samples, provided by 3. Results E. Boyle and L. Keigwin, were soaked in clorox overnight to remove organic material and other 3.1. Orbital-scale glacial-interglacial variability debris. They were then washed and sonicated in a two-step bath of deionized water, before dissolving
The results show that large amplitude oscillations in the Mg/Ca of ostracod shells and estimated in 4 to 30 ml of 0.05 N nitric acid, depending on the weight of each valve. One to three individuals BWT in the North Atlantic occur at orbital time scales (Fig. 2) . Glacial-age Mg/Ca ratios and estiper sample were analyzed on the Duke University Spectrascan 7 direct current plasma (DCP) emismated BWTs for marine isotope stages 6, 4 and 2 were respectively~6.5 to 7.0 mmol/mol and 0°C. sion spectrometer for magnesium and calcium. The analytical precision was ±3% based on replicate Moreover, Mg/Ca variability generally coincides with changes in benthic foraminiferal values of analyses of samples and standards. An in-house limestone standard Duke PE3 yielded Mg/Ca of d18O, d13C, and Cd/Ca measured on subsamples from the same interval by Boyle and Keigwin 8.50±0.04 mmol/mol (1s) (n=40). The measured Mg/Ca ratios for the Krithe valves and estimated (1985) . Low Mg/Ca ratios coincide with relatively high foraminiferal Cd/Ca ratios and low d13C BWTs are given in Table 1 . a Corrected depth obtained by adding 32 cm to original depth due to break in core (see Boyle and Keigwin, 1985) . values; all three indicators suggest a stronger In order to examine the relationship between smoothed Mg/Ca and orbitally driven changes in AABW influence at these times. Conversely, during interglacial periods 5 and 1, Mg/Ca ratios were solar insolation, we plotted June insolation at 60°N in Fig. 2 on the right. There is a general 11-12.5 mmol/mol and estimated BWTs were 3 to >4°C. Higher Mg/Ca ratios generally coincide correspondence between high insolation during the three substages of marine isotope stage 5, early with lower foraminiferal Cd/Ca and higher values of d13C. During Terminations 1 and 2 the initial stage 3 and early stage 1, although it appears that insolation precedes the Mg/Ca shift, especially increase in Mg/Ca appears to precede shifts in foraminiferal d18O and d13C.
during Terminations 1 and 2. There are several other noteworthy aspects of passing marine isotope stages 2 through 5d. In order to smooth potential variability due to sedithe long-term ostracod Mg/Ca record shown in Fig. 2 . First, Mg/Ca ratios are higher (warmer mentary processes, intraspecific variability in Mg/Ca, and sub-millennial changes in BWT, Fig. 3 BWTs) during marine isotope stage 1 compared with those for the last interglacial (LIG) maxipresents a three-point moving average of Mg/Ca and estimated BWT compared with a record of mum, stage 5e. This implies an extremely warm climate and strong NADW formation during the the atmospheric temperature from the d18O ice in the Greenland GISP2 ice core. The GISP record early Holocene. Second, Mg/Ca ratios are lower during marine isotope stage 6 than during stage 2 provides evidence for relatively rapid millennialscale climate oscillations in which relatively light (the last glacial maximum), apparently reflecting a more intense glacial period [see Crowley (1994) ].
d18O ice values represent D/O interstadial events. Fig. 3 also shows the age of Heinrich ice-rafting Third, there are apparent brief reversals in Mg/Ca and BWT during Terminations 1 and 2 that perevents which signify periods of ice-rafting deposition in the North Atlantic Ocean (Bond et al., haps correspond to short-term climatic events punctuating the last deglacial interval and the 1992, 1997). This smoothing of the Mg/Ca record yields a temporal resolution of slightly less than marine isotope stage 6-5 transition.
one Mg/Ca measurement per 1000 years. Thus, it should be emphasized that the Chain core data are 3.2. Sub-orbital millennial scale variability aliased by slow to moderate sedimentation rates and they do not capture all of the fine structure There are also large-amplitude millennial-scale changes in Krithe Mg/Ca ratios between about 110 nor the extremes of temperature changes recorded in ice cores. and 10 ka, corresponding to the period encom- Nonetheless, at least 14 interstadial warm BWT D/O interstadials #12 and #8 also seem to have been characterized by a relatively high deep North events between 110 and 10 ka can be identified in the Chain core Mg/Ca record ( Fig. 3) . The strongAtlantic BWT. Lesser peaks in Mg/Ca ratios when the BWT at this site was about 2-2.5°C may est of these are dated approximately at 32, 36-38, 43, 48, 73, 85 and 93 . Although the correlation between the Chain core For some time, the idea that deep-sea BWTs declined during glacial periods has been supported and GISP ice core isotope record is more tenuous, by several paleoceanographic records (Emiliani, orous than previously believed, leading to extremely warm deep-sea temperatures at the 1955; Chappell and Shackleton, 1986; Labeyrie et al., 1987) . Our results provide compelling eviChain core site. Over millennial time scales, our evidence supdence for a glacial BWT in the North Atlantic of about 0.5°C during the coldest periods. This is ports the hypothesis of cooling of deep-ocean waters during glacial periods and also indicates about 2°C colder than temperatures in the region today and as much as 4°C below the maximum that North Atlantic deep BWTs also varied during the past 110 ka. These results support previous temperature reached during the early Holocene. The evidence also suggests that deep-sea temperstudies that have found evidence for millennialscale variability in other deep-sea and mid-depth atures during isotope stage 6, the penultimate glaciation, were colder than temperatures during proxies, including percent calcium carbonate ( Keigwin and Jones, 1994) , foraminiferal stable isotope stage 2, the last glacial maximum. This is in line with terrestrial (glacial geology and lake isotopes (Slowey and Curry, 1992; Oppo and Lehman, 1995; Lund and Mix, levels) and marine (sea-surface temperatures) evidence reviewed by Crowley (1994) indicating that 1998) and foraminiferal Cd/Ca ratios (Marchitto et al., 1998) . Although precise correlations to the the penultimate glaciation was a more intense glacial period.
sequence of events that occur during a Heinrich event are not yet possible, the observed decreased Moreover, the overall shape of the smoothed Mg/Ca curve in Fig. 3 supports the hypothesis deep-sea temperatures would be expected in the North Atlantic Ocean if the strength of thermohathat orbital forcing exerts a first-order control on deep-sea circulation and BWTs, as discussed in line circulation diminished and warm NADW was reduced during the cooling phase of a Heinrich detail by Imbrie et al. (1992) . The timing and amplitude of the Mg/Ca curve for the last 130 ka event Paillard and Labeyrie, 1994) . We estimate that this deep-sea resembles the characteristic shape of the June insolation curve and paleoclimate proxies such as BWT variability between 110 and 20 ka was about 1/2 to 2/3 the magnitude of that occurring during ice volume. However, BWT changes appear to lag slightly behind solar insolation and lead benthic a complete glacial-interglacial cycle. The warmest BWTs attained during some interstadials during foraminiferal d18O (~ice volume) and d13C (~AABW ) during Terminations 1 and 2. This oxygen isotope stage 3 were~2.5 to 3.0°C, signifying strong NADW formation. Corrége and De relationship was also observed by Dwyer et al. (1995) for late Pliocene 41 ka obliquity cycles of Deckker (1997) also found evidence for BWTs in the Coral Sea during oxygen isotope stage 3 that Mg/Ca at DSDP site 607, which is located in the same region as the Chain 82-24 core. Corrége and were similar to present-day temperatures. The distinct possibility exists that observed De Deckker (1997) also found a relationship between ostracod Mg/Ca and summer insolation deep-sea temperature maxima during isotope stages 2-4 correspond to D/O interstadial events at 60°S between 25 and 75 ka in the western Coral Sea. recorded in Greenland ice cores. However, we urge caution in attempting to correlate individual D/O Another noteworthy result is that the BWT in this part of the North Atlantic Ocean during the events with sediment core Mg/Ca records until analyses from cores taken in regions with high early Holocene (oxygen isotope stage 1) is warmer by as much as 1°C than temperatures during the sedimentation rate and sensitive to changes in NADW and AABW variability can be carried out. LIG (isotope stage 5e). This difference may seem anomalous given that the sea level during the LIG Still, our initial results suggest that millennial-scale oscillations of climate in the North Atlantic may was~5-6 m higher than present and there has been a consensus that the LIG was slightly warmer, be capable of affecting global climate by way of changes in thermohaline circulation manifested by at least in many regions, than the Holocene interglacial. One possible explanation is that early deep bottom water changes. Strong NADW formation would lead to large ocean-to-atmosphere Holocene thermohaline circulation was more vig- (GRIP, 1993; Mayewski et al., 1996 
